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Abstract—This work presents the design of β-Ga2O3 schottky
barrier diode using high-k dielectric superjunction to signifi-
cantly enhance the breakdown voltage vs on-resistance trade-off
beyond its already high unipolar figure of merit. The device
parameters are optimized using both TCAD simulations and
analytical modeling using conformal mapping technique. The
dielectric superjunction structure is found to be highly sensitive to
the device dimensions and the dielectric constant of the insulator.
The aspect ratio, which is the ratio of the length to the width of
the drift region, is found to be the most important parameter in
designing the structure and the proposed approach only works
for aspect ratio much greater than one. The width of the dielectric
layer and the dielectric constant also plays a crucial role in
improving the device properties and are optimized to achieve
maximum figure of merit. Using the optimized structure with an
aspect ratio of 10 and a dielectric constant of 300, the structure is
predicted to surpass the β-Ga2O3 unipolar figure of merit by four
times indicating the promise of such structures for exceptional
FOM vertical power electronics.
β-Ga2O3 has garnered a lot of attention in recent years for
power device applications due to its high breakdown field. β-
Ga2O3 has a band gap (4.6 eV) larger than GaN and SiC, with
an estimated critical breakdown field as high as 8 MV/cm.
Due to the large critical electric field, the Baliga Figure of
Merit (BFOM) relevant to power switching could be 20003400
times that of Si, which is several times larger than that of
SiC or GaN. Low doped drift layers in conjunction with large
band gap materials can enable very high breakdown voltage.
Various power devices using β-Ga2O3 have been demonstrated
recently with high breakdown voltage in the vertical and lateral
geometry [1]–[14].
Superjunction techniques using complementary doped
columns of silicon have been employed in silicon power
devices to improve trade-off between breakdown voltage and
on resistance which enabled the use of silicon based devices
at larger voltage rating power applications despite of its
low FOM [15]–[18]. In conventional superjunction structures
multiple p and n pillars are used and the doping of those layers
controls the breakdown voltage enhancement in those devices.
In these structures, due to the charge sharing between the p
and n layers, a lateral electric field component is induced.
Now, because there are two components of electric field, 1)
vertical component due to applied bias (anode to cathode) and
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2) lateral field due to the space charge coupling between p and
n layers, the overall field profile changes from a triangular
shape to a rectangular one, which is the key to attaining
higher breakdown down voltages. However a very narrow
range of doping is allowed in superjunction structures to
achieve maximum performance which poses fabrication diffi-
culties in making these devices [19], [20]. In β-Ga2O3 based
devices, the lack of p-type doping makes the realization of
conventional superjunction structures extremely challenging.
Dielectric resurf technique [21] can be used in this case to
circumvent the issue of lack of shallow acceptors in gallium
oxide. High-k dielectrics have been recently explored for
electric field management in wide band gap semiconductors-
based lateral and vertical device structures [11], [22]–[24].
If high-k dielectric is used instead of a p-type layer, the
difference in the dielectric constants between the drift layer
and the insulator will create a lateral electric field, which
can flatten the electric field as in the case of conventional
superjunction structures. Furthermore due the wider band-
gap of β-Ga2O3, creating dielectric superjunction structure
with reasonable aspect ratio for enhanced breakdown is more
feasible than its smaller bandgap counterparts [25]. However
very careful designing is necessary to achieve a performance
boost as it is very sensitive to the structure dimensions.
Vertical dielectric resurf structures have been modeled pre-
viously by several groups [25], [26] considering multiple
fingers. In these models Poisson’s equation was solved con-
sidering symmetry lines at the dielectric boundary. However,
the structure is found to be highly dependent on the aspect
ratio (A.R), which is the ratio of the length of the drift
layer (Anode to Cathode) to the width of the same and the
performance only improves if the aspect ratio is greater than
one. This high aspect ratio requirement makes the fabrication
of vertical superjunction structures very challenging. So a
lateral structure as shown in Fig. 1(b) would be more feasible
to fabricate. But in a lateral structure the absence of symmetry
will cause the model presented by zhou et al. [26] to fail. In
such asymmetric structures the fringing electric field through
the dielectric should be modeled appropriately to get accurate
results.
In this work an analytical model for the structure has
been developed by solving the Poisson’s equation in both the
drift layer and in the dielectric. The fringing electric field
through the dielectric layer has been modeled using conformal
mapping which makes the model more accurate in describing
ar
X
iv
:2
00
8.
00
28
0v
1 
 [p
hy
sic
s.a
pp
-p
h]
  1
 A
ug
 20
20
2Fig. 1. Schematic diagram of (a) vertical (b) lateral dielectric superjunction SBD. (c) Conformal mapping transformation of left side of the device. AB is
the semiconductor oxide interface, OC is the top edge of the oxide. (b) XY coordinate is transformed to UV coordinate.
both symmetric and non-symmetric structures. The optimum
dimensions were determined from the model and also been
verified with numerical TCAD simulations using synopsis
Sentaurus [27]. A very good agreement between the model
and the TCAD results demonstrate the accuracy of the model.
The 2-D Poisson equation of a dielectric superjunction
structure with doped gallium oxide drift region as shown in
Fig. 1(a) can be written as,
∂2ψ(x, y)
∂x2
+
∂2ψ(x, y)
∂y2
= −ρ

(1)
where,
ρ =
{
qND, x > 1
0, x < 1
where, ψ(x, y) is the electrostatic potential at the channel
region, q represents the electron charge, ND is the doping
concentration inside the drift region.
The boundary conditions at top and bottom contacts are
considered as,
ψ(x, 0) = −VR (2)
ψ(x, T ) = 0 (3)
where VR is the applied reverse bias voltage. Now, if the
structure is repetitive with multiple pillars of dielectric and
semiconductor region then using symmetry of the structure,
the electric field at the dielectric boundary can be considered
as zero. However, if an asymmetric structure is present with
only one semiconductor and dielectric pillar then the fringing
electric field through the dielectric has to be taken into
account.
Neumann boundary condition of continuity of electric dis-
placement can be applied at the dielectric semiconductor
interface considering elliptical field lines emanating from the
anode as shown in Fig. 1(c). These fringing fields can be
modeled using conformal mapping technique [28], [29] which
maps the curved geometry to a straight geometry as shown in
Fig. 1(d). An appropriate transfer function to model this case
can be written as;
(y + tov) + jγx = tovsin(u+ jv) (4)
where
γ =
tov
WD
sinh
[
cosh−1
(
tov + T
tov
)]
where tov , WD, and T are the dielectric overlap length and
dielectric width and length of the drift region respectively as
shown in Fig. 1(a).
By using the above transformation ABOC of Fig. 1(c) in
X-Y coordinate is transformed into A′B′O′C ′ of Fig. 1(d) in
U-V coordinate. By equating real and imaginary part of (4)
we can find the values of x and y in terms of u and v as
shown below.
x =
(
tov
γ
)
cos(u)sinh(v) (5)
y =− tov + tovsin(u)cosh(v) (6)
We can map the coordinates of O′, B′, C ′, and A′ from the
above values of x and y as shown in Fig. 1(c) and 1(d).
From this transformation, the fringing capacitance is calcu-
lated to be,
Cfr,ox =
2ox
mpi
cosh−1
(
tov + T
tov
)
(7)
Similarly the fringing capacitance in the semiconductor side
can be written as,
Cfr,S =
2S
mpi
cosh−1
(
tov + T
tov
)
(8)
The value of ’m’ is taken to be 5 by fitting the model
with numerical simulation. Using all the boundary conditions
mentioned above the expression for ψ(x, y) can be written as,
ψ(x, y) = −qNDy
2
2S
+
(
qNDT
2S
− VR
T
)
y + VR+
∞∑
n=1
Rnsin(kny)
[
Fne
knx + e−knx
]
(9)
where,
kn =
npi
W
(10)
Rn = λn
ox(F
′
n − 1)
(FnF ′n − 1)(ox − S) + (F ′n − Fn)(ox + S)
(11)
Fn =
knSWD + Cfr,ox
knSWD − Cfr,ox (12)
F ′n =
knoxWS + Cfr,S
knoxWS − Cfr,S (13)
and
λn =
(
qNDT
2
2S
)
× 4
(npi)3
[(−1)n − 1] (14)
3Fig. 2. Electric field contour for (a) conventional SBD and (b) DS SBD
structure with a dielectric material of dielectric constant 300 (c) Electric field
distribution inside the DS SBD along the cutlines shown for aspect ratio
greater than 1
The electric field has been calculated through the gradient
of ψ(x, y). The maximum electric field is located at the point
(WS2 ,0) as shown by circle in the contour plots of Fig. 2 (a)
and (b) and can be expressed as,
Emax = E(WS/2, 0)
=
∞∑
n=1
Rnkn
[
Fne
knWS/2 + e−knWS/2
]
+
(
qNDT
2S
− VR
T
)
(15)
Fig. 2 shows the distribution of the magnitude of the electric
field from the analytical model and compares it with the 2D
numerical simulation of a dielectric modulated schottky diode
using Sentaurus TCAD [27]. From this figure we can see that
as the dielectric constant of the dielectric material increases,
the electric field profile changes from a triangular shape to
a rectangular profile. For this work we have considered hy-
pothetical dielectric materials. Nevertheless, there are several
prospective high-k material choices, especially perovskites
which offer such high dielectric constants [30].
Breakdown voltage has been estimated as the reverse volt-
age at which the the maximum electric field reaches the
theoretical critical electric field of β-Ga2O3 (˜8MV/cm). Thus
equating Emax in (15) to EC , we can get the breakdown
voltage VBR as,
VBR = VR|Emax=EC
=
∞∑
n=1
TRnkn
[
Fne
knWS/2 + e−knWS/2
]
+
(
qNDT
2
2S
− ECT
)
(16)
Fig. 3. (a) Ron vs BV plot with different aspect ratios (b) Variation of
breakdown voltage as a function of aspect ratio with the dielectric constant
of the dielectric material as the parameter.
Now specific on resistance for this structure can be ex-
pressed as,
Ron =
T
qµnND
(
1 +
WD
WS
)
(17)
where µn is the electron mobility. We can combine (16) and
(17) to get the breakdown voltage in terms of Ron as,
VBR =
∞∑
n=1
qµnNDRon
1 + WDWS
Rnkn
[
Fne
knWS/2 + e−knWS/2
]
+
 q3N3Dµ2nR2on
2S
(
1 + WDWS
)2 − EC qµnNDRon1 + WDWS
 (18)
The breakdown voltage is plotted against device parameters
and to confirm the accuracy, it has been compared with the
results acquired from the Sentaurus device simulator. The
material parameters and physics used in both the simulation
and model are provided in the supplementary material. The
device breakdown voltage is extracted from E-field simulations
when the peak E-field reaches the β-Ga2O3 (8 MV/cm) critical
E-field. The ionization integrals for avalanche breakdown were
not evaluated in order to avoid excessive computation time.
Furthermore, accurate experimentally verified ionization rate
parameters are currently unknown for β-Ga2O3.
Fig. 3(a) shows the effect of aspect ratio on the BV-Ron
trade-off for β-Ga2O3. It can be observed that as the aspect
ratio increases the the BV-Ron trade-off is pushed beyond
its unipolar limit and the performance saturates after certain
aspect ratio (AR ∼ 10 ). To find the optimum value of the
aspect ratio, breakdown voltage is plotted as a function of
aspect ratio for different dielectric constants for an Ron of 10
mΩ-cm2 in Fig. 3(b). The appropriate dopings were calculated
for the specific Ron value using (17) and the details are
presented in the supplemental material. It can be observed
that the breakdown voltage saturates at a lower aspect ratio
for low-k dielectrics, whereas for high-k dielectrics the aspect
ratio can be varied to a much higher value before reaching
the maximum achievable breakdown voltage. When a high-
k dielectric material is present in contact with an n-type
region, the difference in the dielectric permittivity between
the semiconductor and the dielectric material results in a
larger portion of electric displacement lines flowing through
the high-k material. Thus, only a small portion of ionized
4Fig. 4. Variation of breakdown voltage as a function of semiconductor to
dielectric width ratio with the dielectric constant of the dielectric material as
the parameter.
donors contribute to the electric field in the drift region. Hence
with an increase in the dielectric constant, with the Ron and
aspect ratio kept the same, the lateral electric displacement
lines through the dielectric increases , thus increasing the
breakdown voltage.
The effect of the ratio of the semiconductor width to the
dielectric width (WS/WD) on the breakdown voltage for an
Ron and aspect ratio of 10 mΩ-cm2 and 10 respectively is
plotted in Fig. 4. The optimum breakdown voltage is achieved
for a certain (WS/WD) for a given dielectric constant of the
insulator material. It can be observed that the breakdown volt-
age first increases as (WS/WD) increases, reaches a maximum
and then start to decrease with the increase in (WS/WD).
Also, as the dielectric constant increases, the (WS/WD) ratio
required for the maximum breakdown voltage reduces. Thus
a very narrow range of (WS/WD) is available for extreme
permittivity materials to design for the maximum breakdown
voltage.
The effect of dielectric constant on the BV-Ron trade-off is
explored in Fig. 5 (a) and (b) for an aspect ratio of 2 and 10.
It is observed that, in the case of a lower aspect ratio (A.R ∼
2), the effect of dielectric constant is very low compared to
the one with higher aspect ratio (A.R ∼ 10) and if the aspect
ratio is less than one the dielectric superjunction has no benefit
over the conventional SBDs. The breakdown voltage is also
plotted as a function of dielectric constant for an Ron of 10
mΩ-cm2 for varying aspect ratios. It can be observed that
the breakdown voltage saturates at a lower value of dielectric
constant for small aspect ratios, whereas for high aspect ratio,
the dielectric constant can be varied to a much higher value
before reaching the maximum achievable breakdown voltage.
In summary, the dielectric superjunction SBD using β-
Ga2O3 can be designed with practically achievable device
dimensions to achieve extremely high FOM. The aspect ratio
and the semiconductor to dielectric width ratio is found to be
the most critical parameters as they limit the performance of
the structure. If a material with high dielectric constant is used,
then the (WS/WD) ratio should be adjusted according to Fig.
4 and also according to the design requirement for the Ron to
achieve the maximum breakdown voltage. A high aspect ratio
is also required to achieve better performance as for aspect
ratio less than one there would be no benefit of dielectric
Fig. 5. Ron vs BV plot with different dielectric constant of the dielectric
material for (a) aspect ratio = 2 and (b) aspect ratio = 2 (c) Variation of
breakdown voltage as a function of dielectric constant of the dielectric material
with the aspect ratio as the parameter.
superjunction SBDs over the conventional SBDs. Thus, a
breakdown voltage of 20 kV can be achieved for an Ron of
10 mΩ-cm2, dielectric constant of 300, (WS/WD) of 0.2 and
the aspect ratio of 10, will result in a PFOM of 40 GW/cm2,
which is significantly higher than the highest reported FOM in
β-Ga2O3 [31] and also surpasses the theoretical unipolar figure
of merit of β-Ga2O3 SBD by four times indicating the promise
of such structures for exceptional FOM power electronic
devices. Further research into the high-k dielectric/β-Ga2O3
interface will lead to better use of such superjunction structures
for ultimate high-performance power electronic devices.
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